Abstract: We investigate 90 direct bends of metal-insulator-silicon-insulator-metal (MISIM) waveguides, which are hybrid plasmonic waveguides with replaceable insulators. First, we fabricate them using fully standard CMOS technology and characterize them. The experimental excess loss of the two consecutive 90 direct bends is 11, 7.4, and 4.5 dB when the width of the Si line of the MISIM waveguide is about 160, 190, and 220 nm, respectively. Second, we analyze the experimental results using the 3-D finite-difference time-domain method. Through the analysis, we investigate possible loss mechanisms of the 90 direct bend, which have not been studied to our knowledge. It has been found that the Si lines should be narrow to reduce the excess losses of the 90 direct bends. However, the wide Si lines are better for ease of fabrication and for small propagation losses. Finally, we demonstrate a modified low-loss 90 direct bend of the MISIM waveguide with a wide Si line.
Introduction
One possible way of overcoming the limit of electronic-only devices is to integrate electronic and photonic devices on a chip scale [1] . However, the dimensions of general photonic devices, which are subject to the diffraction limit, hinder such integration. Nanoplasmonic waveguides can support a mode with surface plasmon polariton nature whose dimensions are much smaller than those of a photonic waveguide mode [2] . Thus, it is expected that nanoplasmonic waveguide devices may alleviate the dimensional mismatch between photonic devices and electronic devices [3] . A variety of nanoplasmonic waveguides have been investigated. A few examples are channel plasmon polariton waveguides [4] , dielectric-loaded surface plasmon polariton waveguides [5] , [6] , and metal-insulator-metal (MIM) waveguides [7] - [10] . However, a typical problem in these nanoplasmonic waveguides is that there is a tradeoff between the degree of mode confinement and the propagation distance. To some extent, the problem is solved by using hybrid plasmonic waveguides [11] - [19] , which have a subwavelength mode size and a relatively long propagation distance compared with the aforementioned waveguides. Among diverse hybrid plasmonic waveguides, two kinds of metal-insulator-silicon-insulator-metal (MISIM) waveguides have been actively studied [16] - [19] since they can be realized by using standard CMOS technology. Zhu et al. have studied the covered MISIM waveguide, in which the metal surrounds the horizontal insulator-siliconinsulator stack [18] , [19] . We have investigated the uncovered MISIM waveguide, in which the metal sandwiches laterally the horizontal insulator-silicon-insulator stack [16] , [17] . Since the top surface of the insulator of this waveguide is exposed, the insulator is removable and replaceable with a functional material.
When nanoplasmonic devices that are based on the MISIM waveguides are developed, in general, they will have waveguide bends. In this paper, we investigate experimentally and theoretically 90 direct bends of the uncovered MISIM waveguides that have Si lines with widths of about 160, 190, and 220 nm. We show that such wide Si lines are not good for the simple 90 direct bends, although they make possible easy fabrication and small propagation losses of the MISIM waveguides. In doing so, we examine the loss mechanisms of the 90 direct bends, which have not yet been studied to our knowledge. In other words, we scrutinize how and why the excess losses of the 90 direct bends change depending on the width of the Si line and the distance between the two consecutive bends. Finally, we propose and analyze a modified 90 direct bend of the MISIM waveguide with a wide Si line to improve its performance.
Fabrication Process and Fabrication Results
The cross-sectional structure of the uncovered MISIM waveguide investigated in this paper is the same as in [17] . It is schematically shown in Fig. 1(a) . A Si line of height 250 nm and of width w S is placed on a buried-oxide ridge of height about 70 nm. Because of the fabrication process used, $10-nm-thick silicon nitride ðSiN x Þ and 50-nm-thick silicon oxide ðSiO x Þ layers are on the Si line. A SiO x layer that surrounds the SiN x ÀSiO x ÀSi line becomes the insulator of the MISIM waveguide. The thickness of its horizontal parts is about 40 nm, and that of its vertical parts, i.e., t I , is about 30 nm. On both sides of the SiO x ÀSiÀSiO x structure, there are copper layers of thickness about 260 nm. The MISIM waveguide supports a hybrid plasmonic mode. The power carried by the mode is strongly confined to the SiO x layers between the Si line and the Cu layers [16] , [17] . To make the 90 direct bends of the MISIM waveguides, we used the same fabrication process as in [17] , which is based on fully standard CMOS technology. They were made by using an 8-in silicon-on-insulator wafer. The fabrication process consists of low-pressure chemical vapor deposition (LPCVD), KrF (248 nm) lithography, dry etching, high-density plasma chemical vapor deposition (HDPCVD), sputtering, and chemical-mechanical polishing. Thin SiN x and SiO x layers were deposited by using LPCVD. We employed HDPCVD to deposit a thick SiO x layer that was patterned to be a mold for a copper damascene process. Copper was sputtered to fill the mold and polished chemically and mechanically until the top surface of the insulator was exposed. A scanning electron microscopy (SEM) image of the cross section of the fabricated MISIM waveguide is shown in Fig. 1(b) , which is the same as in [17] . To make the overall process simple, we did not include a photoresist trimming process after the KrF lithography. This results in larger values of w S than those in [18] and [19] . The resultant values of w S are about 160, 190, or 220 nm since 160 nm is the minimum line width that can be obtained from the KrF lithography. direct bend (position P 2 ) is l M1 . The distance between positions P 5 and P 6 is also l M1 . The distance between the end of one bend (position P 3 ) and the beginning of the other (position P 4 ) is l M2 . For the fabricated MISIM waveguide with the 90 direct bends, l M1 ¼ ½ð2 mÞ À w S =2 À t I and l M2 ¼ ½ð2:5 mÞ À w S À 2t I . Consequently, the total length of the MISIM waveguide with the 90 direct bends, which is 2l
, is fixed at 6.5 m.
Measurement and Simulation Results
We measured the fiber-to-fiber insertion losses (in dB) of the combinations of the 5-m-wide Si photonic waveguides, the 450-nm-wide Si photonic waveguides, and the MISIM waveguide with or without the 90 direct bends. The length of the straight MISIM waveguide without the bends is 6.5 m. An excess loss due to the two consecutive bends, denoted by L b2 , is defined as the subtraction of the insertion loss associated with the straight MISIM waveguide from that associated with the MISIM waveguide with the bends. To measure the fiber-to-fiber insertion losses, we launched light with a wavelength of 1554 nm from a lensed fiber to the facet of one 5-m-wide Si photonic waveguide. Before the light was incident on the lensed fiber, its polarization was adjusted to be transverse electric using a polarization controller. The light coming out from the other 5-mwide Si photonic waveguide was coupled to another lensed fiber.
The experimental values of L b2 are in Fig. 3 along with the calculated values. The error bars represent the standard deviation of the experimental values for the same value of w S . For the calculation, we used the 3-D finite-difference time-domain (FDTD) method (FDTD Solutions, Lumerical Inc.). For the dielectric constant of copper, we used the model in FDTD Solutions, which is À68:2 þ i10:1 at the wavelength of 1554 nm. While reducing mesh sizes, we checked the convergence of the calculation result. The smallest mesh sizes were 3, 3, and 5 nm along the x -, y -, and z-axes, respectively. We calculated the insertion losses (in dB) of the structure between P 1 and P 6 in Fig. 2(a) . They were obtained from the ratios of the power of the light at P 6 to the power of the hybrid plasmonic mode, launched at P 1 , of the MISIM waveguide. We also calculated the propagation loss M (in dB=m) of the straight MISIM waveguide. Following the definition of L b2 , we subtracted ½ M Â ð6:5 mÞ from the insertion losses to obtain the calculated values of L b2 . The excess loss of one 90 direct bend may be approximately half of L b2 , i.e., 5.5, 3.7, and 2.25 dB for w S ffi 160, 190, and 220 nm, respectively. As reported previously [17] , the uncovered MISIM waveguide with the wide Si line has a smaller propagation loss than the covered MISIM waveguide with the narrow Si line. However, the 90 direct bend of the former causes a larger excess loss than the 90 direct bend of the latter, which causes an excess loss of $ 0:73 AE 0:06 dB when t I ¼ 28 nm and w S ¼ 64, 81, 94, or 102 nm [19] . Moreover, the experimental values of L b2 are quite smaller than the calculated values. To explain these things and the increase and decrease of L b2 , we analyze how and why the excess loss of the 90 direct bend changes depending on its structural parameters. This kind of analysis for the MISIM waveguide bends has not yet been done.
First, we checked the reflection from one 90 direct bend and the transmission through it. For this purpose, we analyzed the MISIM waveguide with just one 90 direct bend, which is schematically shown in Fig. 2(c) . Positions P b and P c in Fig. 2 (c) correspond to P 2 and P 3 in Fig. 2(a) , respectively. We launched the hybrid plasmonic mode at position P a , which is 100 nm to the left of P b , and we calculated the power of the left-going light at P a . Reflectivity is defined as the ratio of this power to the launched power. Position P d is located at a distance l M above P c . When l M ¼ 100 nm, we calculated the power of the light at P d . Transmittance is defined as the ratio of this power to the launched power. Fig. 4(a) shows the reflectivity and the transmittance with respect to w S . The reflectivity increases as the transmittance decreases, and vice versa. Their sum remains almost constant and is smaller than 1 because of a loss in the region between P a and P d . The increase in reflectivity with w S is similar to what is observed in a 90 direct bend of a MIM waveguide [7] . As the insulator width of the MIM waveguide increases, the transmission through the 90 direct bend decreases while the reflection from the bend increases. (It was also confirmed in our numerical simulation of the 90 direct bend of the MIM waveguide.) Next, we calculated the excess loss L b1 of the MISIM waveguide with one 90 direct bend as a function of l M . The excess loss L b1 is defined as the subtraction of ½ M Â ð100 nm þ w S þ 2t I þ l M Þ from the insertion loss (in dB) of the structure between P a and P d . Fig. 4(b) and (c) shows the calculated curves of L b1 for a few values of w S within the range [40 nm, 220 nm]. As w S increases up to 130 nm, L b1 at l M ¼ 100 nm increases due to the increase in reflectivity. For w S 130 nm, L b1 slightly increases initially with l M and soon becomes almost constant. However, as w S increases further, L b1 at l M ¼ 100 nm decreases due to the decrease in reflectivity. For w S 9 130 nm, L b1 keeps increasing with l M . This is different from what is expected from ordinary excess losses.
To find a reason for the increase of L b1 with l M , we calculated the electric field distribution of the transmitted light along the MISIM waveguide with the hybrid plasmonic mode launched at P a . For Fig. 2(a) are also represented by the black solid lines with the circle symbols. The triangle symbols represent the calculated excess losses of the realized structure in Fig. 2(b) where the bends have the rounded corners. Fig. 5(a) show the distributions of Re½E x on the xz-plane at the positions denoted by the dashed lines. As w S increases, the distributions become more and more asymmetric about the z-axis. For example, the distribution is almost symmetric for w S ¼ 40 nm; however, it is almost antisymmetric for w S ¼ 220 nm. After the bend, not only the hybrid plasmonic mode but also antisymmetric radiation modes are excited. For more information, modes that exist in a bounded region containing the MISIM waveguide were analyzed by using the mode solver of FDTD Solutions, which is based on the finite-difference method. For w S G 230 nm, the hybrid plasmonic mode is the only guided mode of the MISIM waveguide. Other modes have effective indexes with real parts smaller than the refractive index of the buried oxide or substrate. Thus, they are radiation modes whose fields radiate into the substrate. The distributions of Re½E x of antisymmetric radiation modes are shown in Fig. 5(b) , and their effective indexes ðN a Þ are summarized in Table 1 along with those ðN h Þ of the hybrid plasmonic mode. As w S decreases, the imaginary part of N a increases so that the decay of the antisymmetric radiation mode becomes fast. As deduced in Figs. 4 and 5 , for w S G 130 nm, the hybrid plasmonic mode incident on the bend is mainly transferred and reflected to the same mode. Although antisymmetric radiation modes are excited because of the bend, they decay out rapidly. However, for w S 9 130 nm, antisymmetric radiation modes are dominantly excited after the bend. In this case, the bend behaves similarly as a mode converter. Hence, the excess loss L b1 for w S 9 130 nm means how efficiently the hybrid plasmonic mode is converted to antisymmetric radiation modes and how fast they decay compared with the hybrid plasmonic mode. Since the imaginary part of N a is larger than that of N h , L b1 increases with l M . The dominant excitation of antisymmetric radiation modes for w S 9 130 nm might be explained intuitively as follows. A large portion of the power carried by the MISIM waveguide mode is transported along the insulator. Between P b and P c , the part of the light along the outer insulator travels a longer distance than the part of the light along the inner insulator. The optical path difference between the two parts is about 2Re½N h ðw S þ t I Þ. For w S about 160 nm, it is close to half the wavelength so that the two parts have a phase difference of at P c . In this way, the hybrid plasmonic mode at P b is converted to antisymmetric radiation modes. Based on this intuitive explanation, in the next section, we modify the 90 direct bend with a large value of w S to reduce its excess loss. Because of the reflection from the 90 direct bend and the excitation of antisymmetric radiation modes after the 90 direct bend, the excess loss L b2 changes depending on l M2 . To check this, we calculated L b2 as a function of l M2 . The calculated relations of L b2 to l M2 for different values of w S are in Fig. 4(d) . For w S G 130 nm, the additional reflection from the second bend makes L b2 almost twice as large as L b1 in Fig. 4(b) . The multiple reflections between the two bends cause the MISIM waveguide with the two bends to behave similarly as a Fabry-Perot resonator. Consequently, L b2 fluctuates as l M2 increases. This fluctuation becomes large as w S increases up to 130 nm since the reflectivity of the bend increases with w S , as shown in Fig. 4(a) . For w S 9 130 nm, we checked that the antisymmetric radiation modes excited by the first bend are reciprocally converted to the hybrid plasmonic mode after the second bend. In this case, L b2 is also larger than L b1 and fluctuates slightly due to the second bend. In addition, L b2 increases with l M2 since antisymmetric radiation modes with propagation losses larger than that of the hybrid plasmonic mode travel between the two bends.
As shown in the inset in Fig. 2(b) , the outer and inner corners of the realized 90 direct bend are not sharp, but they are rounded. Such rounded corners make the experimental values of L b2 smaller than the calculated values. We modified the simulated structure of the 90 direct bend to make it close to the realized one, and then, we calculated L b2 . The calculated values of L b2 are 14.8, 7.4, and 4.6 dB for w S ¼ 160, 190, and 220 nm, respectively. They are represented in Fig. 3 and in good agreement with the experimental values.
Through the various calculations, we have shown that the reflection from the 90 direct bend is a main loss mechanism of the 90 direct bend for w S G 130 nm. This explains the increase of L b2 in Fig. 3 . When the two bends are connected, the excess loss due to them ðL b2 Þ changes significantly with the distance between them ðl M2 Þ because of the multiple reflections. For w S 9 130 nm, the 90 direct bend causes the conversion between the hybrid plasmonic mode and antisymmetric radiation modes. L b2 increases with l M2 because of the large propagation losses of antisymmetric radiation modes. Hence, the mode conversion is a main loss mechanism of the 90 direct bends for w S 9 130 nm. This explains the decrease of L b2 in Fig. 3 .
Modified 90 Direct Bend
The simulation results show that the MISIM waveguide with the narrow Si line is better for the 90 direct bend than that with the wide Si line from the viewpoint of excess losses. For example, as shown in Fig. 3 , L b2 ¼ 2:1 dB for w S ¼ 40 nm, but L b2 ¼ 10:8 dB for w S ¼ 190 nm. Although the 90 direct bend with w S ¼ 40 nm causes a small excess loss, its total insertion loss, which is the sum of the excess loss and the total propagation loss, is large. This is because the propagation loss of the MISIM waveguide increases as w S decreases. In addition, the MISIM waveguide devices with narrow Si lines require an additional fabrication process such as photoresist trimming, compared with those with wide Si lines. Therefore, for small total insertion losses and ease of fabrication, the 90 direct bend of the MISIM waveguide with the wide Si line must be modified to suppress the mode conversion.
Using the aforementioned explanation of the excitation of antisymmetric radiation modes, we modified the bend as shown in Fig. 6(a) . The modified bend has two protrusions of length w S =2 on its outer corner. Except for these protrusions, the structure in Fig. 6(a) is the same as the structure in Fig. 2(a) , which was used to get the result in Fig. 3 . The protrusions may be considered to make the optical path length along the outer insulator about one wavelength longer than that along the inner insulator. Consequently, the two parts of the light traveling along the inner and outer insulators are in phase. Hence, the excitation of antisymmetric radiation modes seems to be suppressed. This can be checked in Fig. 6(b) and (c). The distribution of Re½E x after the modified bend is almost symmetric in contrast to that after the simple bend in Fig. 5(a) . The distribution of Re½H z , where H z is the real part of the z-component of the magnetic field, also indicates that the hybrid plasmonic mode is well excited after the modified bends. In this way, the excess loss of the modified bends can be reduced. When w S ¼ 190 nm, the structure in Fig. 6(a) has the calculated excess loss of 2.7 dB. When w S ¼ 40 nm, the structure in Fig. 2(a) has the calculated excess loss of 2.1 dB.
However, the total insertion loss of the structure in Fig. 6(a) is 3.1 dB smaller than that of the structure in Fig. 2(a) . These results indicate that the modification improves the performance of the 90 direct bend of the MISIM waveguide with the wide Si line. They also indicate that the explanation based on the excitation of antisymmetric radiation modes is reasonable. Finally, it is meaningful to compare the modified bend and a Si photonic waveguide bend. The single modified bend has an excess loss of about 1.3 dB while it occupies an area of ð3w S =2 þ 2t I Þ 2 ¼ 0:12 m 2 . However, the 90 curved bend of a Si photonic waveguide has an excess loss of about 0.1 dB if its bending radius is 1 m while it occupies an area of 1.56 m 2 [20] . Therefore, the modified bend is more advantageous in respect of compactness than the curved bend although the former has a larger excess loss than the latter.
Conclusion
We fabricated the 90 direct bends of the uncovered MISIM waveguides, using fully standard CMOS technology without an additional photoresist trimming process. We measured the excess loss of the two consecutive 90 direct bends, which is 11, 7.4, and 4.5 dB for w S ffi 160, 190, and 220 nm, respectively. Through the various calculations based on the 3-D FDTD method, newly we have investigated the loss mechanisms of the 90 direct bends. If the Si line of the MISIM waveguide is narrower than 130 nm, the excess loss of the 90 direct bend is caused by the reflection from the bend. If the Si line is wider than 130 nm, the excess loss of the two consecutive bends is caused by the excitation of antisymmetric radiation modes between the bends. Our investigation has indicated that a narrow Si line (e.g., with a width of 40 nm) is desirable for reducing the excess loss of the 90 direct bend. However, a wide Si line (e.g., with a width of 190 nm) is better for ease of fabrication and small propagation losses. Hence, for the MISIM waveguide with the wide Si line, we have proposed the modified 90 direct bend. Based on the numerical simulation, we have confirmed that it has small excess loss similar to that of the simple 90 direct bend of the MISIM waveguide with the narrow Si line. It is promising in that it is easy to fabricate and has a small total insertion loss, in comparison with the 90 direct bend of the MISIM waveguide with the narrow Si line. 
